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We present and investigate an analogue model for a controllable photon generation via the dy-
namical Casimir effect (DCE) in a cavity containing a degenerate optical amplifier (OPA) which
is pumped by an amplitude-modulated field. The time modulation of the pump field in the model
OPA system is equivalent to a periodic modulation of the cavity length, which is responsible for
the generation of the Casimir radiation. By taking into account the rapidly oscillating terms of
the modulation frequency, the effects of the corresponding counter-rotating terms (CRTs) on the
analogue Casimir radiation emerge clearly. We find that the mean number of generated photons and
their quantum statistical properties exhibit oscillatory behaviours, which are controllable through
the modulation frequency as an external control parameter. We also recognize a new phenomenon,
the so-called “Anti-DCE ”, in which pair photons can be coherently annihilated due to the time-
modulated pumping. We show that the Casimir radiation exhibits quadrature squeezing, photon
bunching and super-Poissonian statistics which are controllable by modulation frequency. We also
calculate the power spectrum of the intracavity light field. We find that the appearance of the side
bands in the spectrum is due to the presence of the CRTs.
PACS numbers: 42.50.Ct, 42.50.Pq, 42.50.Ar, 42.65.Yj
Keywords: Dynamical Casimir Effect, Analogue Models, Nonlinear Cavity, Optical Parametric Amplifier,
Nonclassical Properties
I. INTRODUCTION
One of the most important and interesting predictions
of quantum field theory is that the quantum vacuum state
is not truly empty, but instead filled with virtual parti-
cles which are continuously created and annihilated due
to the zero-point fluctuations [1]. In quantum electrody-
namics these fluctuations lead to a number of measurable
effects in the realm of microscopic physics, such as the
van der Waals force between atoms in vacuum, natural
widths of spectral lines, Lamb shift, and anomalous mag-
netic moment of electron [1]. In macroscopic level, the
vacuum fluctuations manifest also themselves in a variety
of observable mechanical phenomena and the archetype
of them is the so-called static Casimir effect [2, 3]. This
effect which arises from the pressure that virtual photons
exert on stationary boundaries, has been observed in dif-
ferent experiments [4, 5] and plays a very important role
both in fundamental physics investigations as well as in
understanding the basic limits of nanomechanical tech-
nologies [6, 7].
Another manifestation of the zero-point fluctuations is
the creation of real particles out of the vacuum induced
by the interaction with dynamical external constraints
[8]. In this effect, energy is transferred from the ex-
ternal field to the zero-point fluctuations transforming
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them into real particles. Although a material boundary
is somewhat analogous to an external constraint, there is
no particle creation from the vacuum in the case of static
boundaries (static external constraints). However, if the
boundaries are nonstationary, and the boundary condi-
tions depend on time, there is particle creation from the
vacuum in addition to the Casimir force. Such quan-
tum vacuum amplification effect is commonly referred
to as the dynamical Casimir effect (DCE) [9, 10](for an
extensive recent review, see [11]). Whereas the static
Casimir effect arises from a mismatch of vacuum modes
in space, the DCE originates from a mismatch of vacuum
modes in time domain. Examples of the DCE range from
cosmology, such as particle creation in a time-dependent
cosmological background [12–14] to cavity QED, such as
photon generation in Fabry-Perot cavities with moving
mirrors [15–21]. There is an extensive literature on var-
ious aspects of the creation of photons due to the DCE
using various theoretical methods. For example, pho-
ton creation was described based on a Hamiltonian ap-
proach [22]. Cavities with the insertion of dispersive
mirrors or a slab with a time-dependent dielectric per-
mittivity were considered [23–26]. Multiple-scale anal-
ysis was applied to the calculation of the flux of cre-
ated particles [18]. Photon creation in a harmonically
oscillating one-dimensional cavity with mixed boundary
conditions has been analyzed [27]. The DCE has also
been investigated in the context of cavity QED [28, 29],
in Bose-Einstein condensates [30], in excition-polariton
condensates [31], in superconducting circuits[32], and in
a quantum-well assisted optomechanical cavity [33]. Be-
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2sides its intrinsic importance as a direct proof of the vac-
uum fluctuations, various practical applications of the
DCE has been proposed, e.g., for generation of pho-
tons with nonclassical properties [34–37], for high preci-
sion optical interferometry[38], for generation of atomic
squeezed states [39], for multipartite entanglement gen-
eration in cavity networks[40], and for quantum commu-
nication protocols [41].
From the experimental point of view, the detection of
the DCE induced by moving boundaries is a serious prob-
lem. The main difficulty is largely due to the challeng-
ing prerequisite of generating appreciable mechanical fre-
quencies of moving boundaries (of the order of GHz) to
obtain a detectable number of photons. Although there
are some experimental proposals for the detection of the
DCE involving real mechanical motion of boundaries (see
for instance [42]), several analogue systems have been
proposed for observing the Casimir radiation based on
simulating moving boundaries by considering material
bodies with time-dependent electromagnetic properties.
The first analogue system consisting of a nonlinear op-
tical medium with time-dependent refractive index was
introduced in [9] and later on, its experimental imple-
mentation was reported [43]. In [44] the Casimir radi-
ation within a cavity containing a thin semiconducting
film with time-dependent conductivity and centered at
the middle of the cavity has been investigated. An ex-
plicit analogy between photon emission of a coherently
pumped thin nonlinear crystal of type χ(2) inside a cavity
and the photon generation via the DCE have been estab-
lished [45]. In [46] an experimental layout for measuring
the DCE has been proposed where the optical length of a
cavity is varied in time by means of a train of ultrashort
pulses that modulate the effective refractive index of the
cavity material. By using a varying boundary condition
in a superconducting waveguide [47, 48] which simulates
a single moving mirror, the first experimental demonstra-
tion of the DCE has recently been reported [49]. More-
over, a second observation of the DCE has been reported
[50] based on periodical changes in the index of refraction
of a microwave cavity with a Josephson metamaterials.
Motivated by the above-mentioned investigations on
analogue models for the DCE, in the present contribu-
tion we propose a model system for the generation of
the Casimir radiation in a cavity containing a degenerate
optical parametric amplifier (OPA) which is pumped by
an amplitude-modulated field according to the harmonic
law
εp(t) = ε+ η cos Ωt, (1)
where ε is a constant amplitude and η, Ω are, respec-
tively, the amplitude and frequency of modulation. The
temporal change in pump amplitude leads to a modula-
tion of the cavity length which is equivalent to an ap-
parent displacement of the cavity mirrors. In all of the
previous investigations carried out on the DCE, a kind
of rotating wave approximation (RWA) has been applied
to neglect the contribution of rapidly oscillating terms
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FIG. 1. (Color online) (a) Schematic representation of a
Fabry-Perot cavity containing an OPA which is pumped by
an amplitude-modulated field. (b) The analogy between the
cavity with time modulated pumping and the cavity with os-
cillating mirror
of the modulation frequency( see for instance [51–55]).
The main feature of our treatment is that we release this
limitation to include the corresponding counter rotating
terms (CRTs). We will find that taking into account the
CRTs in the model under consideration leads to an in-
terference between the constant amplitude, ε, and the
oscillatory term. The total number of generated photons
consists of three contributions, i.e., constant pumping,
time varying pumping, and their interference which orig-
inates from CRTs. Due to this interference, the mean
number of generated photons and their quantum statis-
tical properties exhibit oscillatory behaviours which are
controllable through the modulation frequency Ω.
The paper is structured as follows. In section. II we
describe the model system and show the analogy between
the time modulation of the pump and the time modula-
tion of the cavity length in the conventional DCE. We
also solve analytically the quantum Langevin equations
for the cavity-field operators. We calculate the mean
number of generated Casimir photons and analyse its
temporal behaviour in section. III. We study the quadra-
ture squeezing, photon counting statistics and the power
spectrum of the generated Casimir radiation in section.
IV. Finally, we summarize the main results of the paper
in section. V.
II. DESCRIPTION OF THE SYSTEM
As schematically shown in Fig.1(a), we consider a sys-
tem composed of a sub-threshold degenerate OPA inside
a Fabry-Perot cavity with fixed mirrors at zero temper-
ature. We assume that the OPA is pumed by a coupling
field whose amplitude is time-modulated according to Eq.
(1). We also take into account the dissipation of the cav-
ity field to the environment with a decay rate κ. We
3show that this non-stationary cavity QED results in the
DCE. In a degenerate OPA a pump photon of frequency
ωp is down- converted into a pair of identical photons of
frequency ω0. The Hamiltonian describing the system in
the interaction picture is given by
HˆI =
i
2
εp(t)
(
aˆ†2 − aˆ2) , (2)
where aˆ(aˆ†) is the annihilation (creation) operator of the
cavity field. Here, it should be emphasized that in the
above Hamiltonian we will not make use of the RWA
for the term cos Ωt in the amplitude εp( t) and we want
to examine the influence of the corresponding CRTs on
the generation and quantum statistical properties of the
Casimir photons. Before proceeding to discuss the dy-
namics of the system under consideration, it is worth-
while to beriefly describe the analogy between the time
modulation of the pump and the time modulation of the
cavity length in the conventional DCE. Following the
same method as used in [45], it is easy to show that the
time-modulated nonlinear parametric interaction in the
model system, described by the Hamiltonian (2), is equiv-
alent to an apparent periodic displacement of the cavity
mirrors which is given by δL(t) = 2L0(η/Ω) sin Ωt, where
the effective length of cavity is L0 = Lcav + l(nOPA− 1),
with l and nOPA as the length and the refractive index
of the nonlinear crystal, respectively (see Fig.1(b)). Fur-
thermore, the maximum of the effective speed of the mir-
ror is obtained as (v/c)max = δL˙(t)/c
∣∣∣
η=κ/2
= κL0/c (for
example, if L0 ∼ cm and κ ∼ 104−106 Hz, then (v/c)max
is of order 10−4 − 10−2). As we will show latter, in com-
parison to the analogue model introduced in [45], where
the refractive index of nonlinear crystal coated on the
mirror is modulated, our analogue model has the advan-
tage of providing the possibility of controlling the genera-
tion of the Casimir photons and their quantum statistical
properties by adjusting the frequency of modulation, Ω.
This controllability results from taking into account the
CRTs in the amplitude εp(t).
The quantum Langevin equations of the system, taking
into account the cavity dissipation, can be written as
daˆ
dt = −κ2 aˆ+ εp(t)aˆ† + Fˆc(t),
daˆ†
dt = −κ2 aˆ† + εp(t)aˆ+ Fˆ †c (t),
(3)
where Fˆc(t) is the noise operator associated with the
dissipation of the cavity field with zero mean value,
i.e.,
〈
Fˆc(t)
〉
= 0. For a cavity mode damped by a vacuum
reservoir, the noise operator in zero temperature satisfies
the Markovian correlation functions:〈
Fˆc(t)Fˆ
†
c (t
′)
〉
=
κ
2
δ(t− t′), (4)
〈
Fˆ †c (t)Fˆc(t
′)
〉
=
〈
Fˆc(t)Fˆc(t
′)
〉
=
〈
Fˆ †c (t)Fˆ
†
c (t
′)
〉
= 0.
(5)
By defining the operators Xˆ := aˆ† + aˆ, Yˆ := aˆ† − aˆ, and
Fˆ± := Fˆ †c (t)±Fˆc(t) the quantum Langevin equations can
be written as
ˆ˙X =
(
εp(t)− κ2
)
Xˆ + Fˆ+(t),
ˆ˙Y = − (εp(t) + κ2 ) Yˆ + Fˆ †−(t). (6)
The solution of the set of Eqs. (6) is given by
Xˆ(t) = f1(t)
(
Xˆ(0) +
∫ t
0
dt′Fˆ+(t′)g1(t′)
)
,
Yˆ (t) = f2(t)
(
Yˆ (0) +
∫ t
0
dt′Fˆ−(t′)g2(t′)
)
,
(7)
where
f1(t) = e
(ε−κ/2)t+η˜ sin(Ωt), g1(t) = e−(ε−κ/2)t−η˜ sin(Ωt),
f2(t) = e
−(ε+κ/2)t−η˜ sin(Ωt), g2(t) = e(ε+κ/2)t+η˜ sin(Ωt).
(8)
with η˜ = η/Ω. Thus, the field operators are given by the
following expressions
aˆ(t) = 12
(
f1(t)Xˆ(0)− f2(t)Yˆ (0)+
f1(t)
∫ t
0
dt′Fˆ+(t′)g1(t′)− f2(t)
∫ t
0
dt′Fˆ−(t′)g2(t′)
)
,
aˆ†(t) = 12
(
f1(t)Xˆ(0) + f2(t)Yˆ (0)+
f1(t)
∫ t
0
dt′′Fˆ+(t′′)g1(t′′) + f2(t)
∫ t
0
dt′′Fˆ−(t′′)g2(t′′)
)
.
(9)
III. MEAN NUMBER OF GENERATED
PHOTONS
We are now in a position to calculate the mean num-
ber of intracavity photons by using the analytic solution
given by Eq.(9). Assuming that the cavity field is ini-
tially prepared in the vacuum state,|0〉, the mean number
of photons at time t is given by
〈nˆ(t)〉 = 0.25
[
f21 (t)
(
1 + κ
∫ t
0
dt′g21(t
′)
)
+f22 (t)
(
1 + κ
∫ t
0
dt′g22(t
′)
)
− 2
]
.
(10)
In order to get a clear insight into Eq. (10), we rewrite
it as follows
〈nˆ(t)〉 = 0.25 [(e−γ+t−z sin(Ωt) + e−γ−t+z sin(Ωt) − 2)
+κ (I+(t) + I−(t))] ,
(11)
where z = 2η˜, γ± = κ ± 2ε, and I±(t) =
I˜±(t)e−γ±t∓2z sin(Ωt) with
I˜±(t) =
∫ t
0
{
g22(t
′)
g21(t
′)
}
dt′ =
∞∑
m=−∞
(−1)mJm(z)
γ±+imΩ
(
e(γ±+imΩ)t − 1) , (12)
in which Jm is the Bessel function of the first kind of
integral order m. By using the properties of the Bessel
function[56] we obtain
4I±(t) = e∓z sin(Ωt)
{
w±J0(iz) (e−γ±t − 1) +
∞∑
m=0
2J2m(iz)
γ2±+4m
2Ω2
[2mΩ sin(2mΩt) + γ± (cos(2mΩt)− e−γ±t)]
∓
∞∑
m=0
2iJ2m+1(iz)
γ2±+(2m+1)
2Ω2
[γ± sin((2m+ 1)Ωt) + (2m+ 1)Ω (e−γ±t − cos((2m+ 1)Ωt))]
}
,
(13)
where w± = 1/γ±. In this manner, the mean number of
photons can be separated into three contributions as
〈nˆ(t)〉 = nOPA + nη + ninterference = nOPA + nCasimir,
(14)
where
nOPA =
2ε2
γ+γ−
+
ε
2γ+
e−γ+t − ε
2γ−
e−γ−t, (15)
nη =
1
4
κ (J0(iz)− 1)
[
1
γ+
+
1
γ−
−
(
e−γ+t
γ+
+
e−γ−t
γ−
)]
,
(16)
4ninterference =
(
ez sin(Ωt) − 1) (e−γ−t + κJ0(iz)γ− (1− e−γ−t))+ (e−z sin(Ωt) − 1) (e−γ+t + κJ0(iz)γ+ (1− e−γ+t))
+κ
∑
+,−
(
e∓z sin(Ωt)
{ ∞∑
m=1
2J2m(iz)
γ2±+4m
2Ω2
[2mΩ sin(2mΩt) + γ± (cos(2mΩt)− e−γ±t)]
∓
∞∑
m=1
2iJ2m−1(iz)
γ2±+(2m−1)2Ω2
[γ± sin((2m− 1)Ωt) + (2m− 1)Ω (e−γ±t − cos((2m− 1)Ωt))]
})
.
(17)
As can be seen, ninterference is an oscillatory function
of time and it can be shown that in the sum over m
in Eq. (17) the term corresponding to m = 1 has the
dominant contribution. We remind that since OPA is
operating below threshold, the parameters ε and η are
constrained by the inequality κ > 2(ε + η). In the ab-
sence of the time modulation, i.e., η = 0, both the terms
nη and ninterference vanish and the mean number of gen-
erated photon reduces to nOPA given by Eq.(15). In
the steady state, nOPA reaches (2ε
2)/(κ2 − 4ε2). Fig-
ure 2(a) illustrates nOPA versus the dimensionless time
κt for different values of ε/κ. As is seen, with increas-
ing ε/κ towards its maximum value(< 0.5) the rate of
photon generation increases. In Figs. 2(b)-(d) we have
plotted nCasimir = nη+ninterference as a function of the
dimensionless time Ωt for different values of κ/Ω (with
a fixed value of κ). As can be seen, nCasimir exhibits
an oscillatory behaviour in the course of time. The os-
cillations can be attributed to the CRTs which manifest
themselves as an interference between the constant and
time varying parts of the external pumping εp. For a
given value of ε/η, decreasing the modulation frequency
Ω(or equivalently, increasing κ/Ω for a fixed value of κ)
increases the amplitude of oscillations. In addition, it is
seen that for a fixed value of κ/Ω the mean number of
generated Casimir photons increases with increasing ε/η.
Figures 2(b)-(d) also show that, depending on the values
of κ/Ω and ε/η, the mean number of Casimir photons
takes negative values within some time intervals, which
means that 〈nˆ(t)〉 < nOPA, although we have always
〈nˆ(t)〉 ≥ 0. This effect can be described as a coherent
annihilation of pair photons due to the time modulation
of the external pumping. With increasing the value of Ω,
the mean number of annihilated photons decreases and
for a fixed value of Ω this annihilation occurs for large
values of ε/η. The effect of the photon creation and anni-
hilation can be attributed to the exchange of the energy
between the external modulated pump and the quantum
vacuum fluctuations. If the energy is transferred to the
quantum vacuum fluctuations, photon pairs are created.
Conversely, if the energy is gained from the quantum
vacuum, photon pairs are annihilated. Indeed, the term
cos(Ωt) corresponds to the energy exchange such that the
external pump varies between ε−η and ε+η. It is inter-
esting to note that this annihilation effect has also been
reported very recently [25] in a microscopic toy model
for cavity DCE consisting of a non-stationary dielectric
slab inside a fixed single-mode cavity. The slab, which is
modelled as a set of N non-interacting atoms, oscillates
according to an external law, while its dielectric prop-
erties are modulated externally via electric or magnetic
fields. It has been shown that for N = 1, the modula-
tion of atomic parameters can lead to coherent annihi-
lation of three photons accompanied by the creation of
one atomic excitation. The authors has called this effect
“Anti-DCE”.
An advantage of the system discussed so far, in com-
parison to the proposed system in [45], is the controlla-
bility of the mean number of generated Casimir photons
through the external parameters Ω, ε, and η.
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FIG. 2. (Color online) Mean number of generated photons for
constant value of κ/2pi = 104Hz. (a) mean number of gener-
ated photons (OPA) in absence of time modulation i.e.,η = 0 ,
as a function of κt for different values of ε/κ = 0.25, 0.35 and
0.45, respectively, thick line(blue), dash line(red) and dot-
dash line(brown). (b), (c) and (d) generated Casimir photons
number as a function of Ωt, respectively, κ/Ω =10, 1 and 0.1
for different values of ε/η = 0, 0.25, 4 and ε/κ = 0, 0.1 and
0.4 respectively, dash line(blue), dotdash line(red) and thick
line(brown).
squeezing parameters are constant, F1ss = 2ε/(κ − 2ε)
and F2ss = −2ε/(κ + 2ε), furthermore, in absence of
time modulation aˆ2 is always squeezed, but aˆ1 is not
never squeezed. In Fig. 3 (b), (c) squeezing parameter
is plotted in presence of time modulation for different
values of ε/η and κ/Ω when κ is constant for F1 and
F2, respectively. The effect of CRTs leads to the oscil-
latory behaviour of quadrature squeezing in steady-state
that dominant frequency of these oscillations depends on
Ω. Unlike in the absence of time modulation, in these
cases the aˆ1,2 can be squeezed in the specified time in-
tervals (see Fig. 3(b), (c)). It should be reminded that
this effect is due to CRTs. As shown in Fig.3(b) and(c),
squeezing can be controlled by the modulation frequency,
Ω, as the ECP. For fixed amounts of κ,η and ε, when Ω
decreases (κ/Ω increases) the maximum squeezing and
the amplitude of oscillation increases. Furthermore, for
fixed amounts of modulation frequency and decay rate
when ε/η increases, squeezing of aˆ2 and amplitude of
its oscillation increases and decreases, respectively, but
the corresponding behaviour of aˆ1 is different. If κ/Ω be
smaller than unity, the behaviour of quadrature operators
is similar to an OPA. By controlling the modulation fre-
quency Ω Maximum quadrature squeezing is about 0.13
i.e., 50% noise reduction is achievable. The contribution
of CRTs is similar to Eq.14. We remind that we have
plotted the squeezing parameters for the total generated
photons. However the quadrature operators for gener-
ated Casimir radiation are
∆a2i,cas = ∆a
2
i −∆a2i,OPA (19)
It can easily infer that it has not much difference with
quadrature squeezing of the total generated photons.
B. Autocorrelation function and Mandle parameter
Autocorrelation function is proportional to the prob-
ability of detecting one photon at time t + τ given that
another photon was detected at earlier time t. It is de-
fined by
g(2)(τ) =
⟨
aˆ†(t)aˆ†(t+ τ)aˆ(t+ τ)aˆ(t)
⟩
ss
⟨aˆ†(t)aˆ(t)⟩2ss
(20)
Using the Gaussian properties of the noise forces and
regression theorem [58, 59] , the autocorrelation function
in the steady state can be put in a simpler form
g(2)(τ) = 1+
∣∣⟨aˆ†(t)aˆ†(t+ τ)⟩
ss
∣∣2
⟨aˆ†(t)aˆ(t)⟩2ss
+
∣∣∣⟨aˆ(t)†aˆ(t+ τ)⟩
ss
∣∣∣2
⟨aˆ†(t)aˆ(t)⟩2ss
(21)
For finding a closed form analytical expression for the
autocorrelation function, one has to determine the two
time correlation functions that appear in Eq.(21). This
can be done by the solutions of Eq.(8) along with the
correlation properties of the noise forces. After algebraic
manipulations, we obtain the final expression of the two
time correlation function to be
⟨
aˆ†(t)aˆ(t+ τ)
⟩
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g22(t
′)
)
−2e−0.5κ|τ |Cosh
(
ετ + 2 ηΩSin
Ωτ
2 Cos
Ω(2t+τ)
2
)] (22)
⟨
aˆ†(t)aˆ†(t+ τ)
⟩
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
κ
∫ t+τθ(−τ)
0
dt′g22(t
′)− 1
)
−2e−0.5κ|τ |Sinh
(
ετ + 2 ηΩSin
Ωτ
2 Cos
Ω(2t+τ)
2
)] (23)
Where θ(τ) is step function. In Fig.(4), g2(τ)/g
2
(0) is illus-
trated for different values of η, ε, κ/Ω in steady-state as a
function of delay time, τ . As shown in Fig.(4), the phe-
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(Color online) (a) Mean number of generated pho-
t in the absence of time modul tion (η = 0) versus the
dimensi nless time κt for different values f ε/κ. (b), (c) and
(d) Mean number of Casimir photon versus the dimension-
less time Ωt, for different values of κ/Ω and ε/η. Here, we
h ve set κ/2pi = 104Hz.
IV. QUANTUM STATISTICAL PROPERTIES
AND POWER SPECTRUM OF GENERATED
PHOTONS
In this section, we study the quantum tatistical prop-
erties of the generated photons, including quadrature
squeezing and counting statistics. We also calculate the
power spectrum. In particular, we will show how one
can manipulate these properties thro gh controlling the
p rameters of the external modulated pumping.
A. Quadrature Squeezing
The squeezing property of the radiation fiel can be
analysed by calculating the variances of the qua rature
operators. Using Eq.(9) and properties of the noise op-
erator Fˆc(t), given by Eqs.(4) and (5), the variances of
the quadrature operators aˆ1 and aˆ2 are, respectively, ob-
tained as
(∆aˆ1(t))
2
= 14f
2
1 (t)
(
1 + κ
∫ t
0
dt′g21(t
′)
)
,
∆ 2(t))
2
= 14f
2
2 (t)
(
1 + κ
∫ t
0
dt′g22(t
′)
)
,
(18)
where aˆ1 = Xˆ/2 and aˆ2 = iYˆ /2 are quadrature opera-
tors and obey the commutation relation [aˆ1, aˆ2] = i/2. A
state of the radiation field is said to be squeezed when-
ever (∆aˆi(t))
2
< 0.25, (i = 1, 2). The degree of squeezing
can be measured by the squeezing parameter Si (i = 1,
2), defined by Si(t) = 4(∆aˆi(t))
2 − 1. Then, the condi-
tion for squeezing in the quadrature component can be
simply written as Si(t) < 0. Using Eq.(12) the different
contributions in Eq.(18) can be separated in a similar
manner as the case of photon number in the previous
section. In Fig. 3(a) we have plotted the squeezing pa-
rameters S1 and S2 versus the dimensionless time κt for
the case of the constant pumping(η = 0) and for two
values of ε/κ. As is seen, the quadrature component aˆ2
exhibits squeezing at all times, while the component aˆ1
is never squeezed. Furthermore, as time goes on, the
squeezing parameters S1 and S2 tend to asymptomatic
values 2ε/(κ − 2ε) and −2ε/(κ + 2ε), respectively. Nu-
merical results corresponding to the temporal evolution
of the squeezing parameters S1 and S2 in the case of
time-modulated pumping(η 6= 0), for different values of
κ/Ω, ε/κ and η/κ (κ being constant) are shown in Figs.
3(b) and 3(c), respectively. The effect of CRTs leads to
the oscillatory behaviour of quadrature squeezing in the
course of time such that the dominant frequency of these
oscillations depends on Ω. Unlike the constant pump-
ing(Fig. 3(a)), in this case both quadratures aˆ1 and aˆ2
can be squeezed in some time intervals (see Figs. 3(b),
(c)). It should be reminded that this effect is due to
the CRTs. As shown in Figs.3(b) and(c), the quadrature
squeezing can be controlled by the modulation frequency,
Ω, as an external control parameter. For fixed values of κ,
η, and ε when Ω decreas s (κ/Ω increas s) the maximum
degree of squeezing and the amplitude of oscillations in-
crease. Furthermore, for a fixed value of κ/Ω, when ε/η
increases, the degree of squeezing of aˆ2 increases while
the squeezing of the component aˆ1 is suppressed. Our
calculations show that if κ/Ω be very smaller than unity,
the temporal behaviours of the quadrature variances are
similar to those obtained for the OPA but with very small
oscillations. By controlling the modulation frequency Ω
the maximum quadrature squeezing is about 0.13, i.e.,
50% noise reduction is achievable. We remind that we
have plotted the squeezing parameters for the total gen-
erated photons. However, it is easy to show that the
quadrature variances for generated Casimir photons are
(∆aˆi,Casimir)
2 = (∆aˆi)
2 − (∆aˆi,ε)2
= (∆aˆi,η)
2 + (∆aˆi,interference)
2,
(19)
where (∆aˆi,ε)
2, (∆aˆi,η)
2, and (∆aˆi,interference)
2 are, re-
spectively, the contribution of constant pumping, the
time modulated term and the interference term which
is due to the CRTs. Numerical results reveal (not shown
here) that the behaviour of (∆aˆi,Casimir)
2 is almost simi-
lar to that of (∆aˆi)
2, that is the difference is quantitative
rather than qualitative.
B. PHOTON COUNTING STATISTICS:
Autocorrelation function and the Mandel parameter
The autocorrelation function is proportional to the
probability of detecting one photon at time t + τ given
that another photon was detected at earlier time t. It is
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FIG. 3. (Color online) squeezing parameter, Fi = 4
⟨
∆a2i
⟩
− 1, as a function of time for constant value of κ/2pi = 104Hz. (a)
squeezing parameter of OPA, F1 and F2, in absence of time modulation, η=0, for different values of ε/κ. Solid line(blue) for
ε/κ=0.3 and F2, dotdash line(black) for ε/κ=0.2 and F2, dot line(brown) for ε/κ=0.3 and F1 and dash line(red) for ε/κ=0.2
and F1. (b) and (c) respectively, squeezing parameters F1 and F2 for different values of ε/η and κ/Ω when κ is constant. In
Figure (b), solid line(red) is plotted for κ/Ω=10, ε/η=0 and η/κ=0.4, and dotdash line(brown) is plotted for κ/Ω=10, ε/η=3.5
and η/κ=0.1, and dash line(black) is plotted for κ/Ω=1, ε/η=0 and η/κ=0.4, and dot line(blue) is plotted for κ/Ω=1, ε/η=3.5
and η/κ=0.1. In Figure (c), dot line(brown) is plotted for κ/Ω=10, η/ε=3.5 and η/κ=0.35, and dash line(red) is plotted for
κ/Ω=10, ε/η=3.5 and η/κ=0.1, dotdash line(black) is plotted for κ/Ω=1, η/ε=3.5 and η/κ=0.35, and solid line(blue) is plotted
for κ/Ω=1, ε/η=3.5 and η/κ=0.35.
For finding a closed form analytical expression for the
autocorrelation function, one has to determine the two
time correlation functions that appear in Eq.(21). This
can be done by the solutions of Eq.(9) along with the
correlation properties of the noise forces. After algebraic
manipulations, we obtain the final expression of the two
time correlation function to be
⟨
aˆ†(t)aˆ(t+ τ)
⟩
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g22(t
′)
)
−2e−0.5κ|τ | cosh
(
ετ + 2 ηΩ sin
Ωτ
2 cos
Ω(2t+τ)
2
)] (22)
⟨
aˆ†(t)aˆ†(t+ τ)
⟩
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t+τθ(−τ)
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
κ
∫ t+τθ(−τ)
0
dt′g22(t
′)− 1
)
−2e−0.5κ|τ | sinh
(
ετ + 2 ηΩ sin
Ωτ
2 cos
Ω(2t+τ)
2
)] (23)
Where θ(τ) is step function. In Fig.(4), g2(τ)/g
2
(0) is illus-
trated for different values of η, ε, κ/Ω in steady-state as a
function of delay time, τ . As shown in Fig.(4), the phe-
nomenon of photon bunching for generated Casimir pho-
tons happens because g2(τ)/g
2
(0) < 1. The photon bunch-
ing can be controlled by the frequency of modulation,
Ω. For constant values of κ and Ω when ε/η increases
photon bunching decreases and g2(τ)/g
2
(0) approaches to
0.3(see Fig.4(b)). Furthermore, with increasing κ/Ω (de-
creasing the modulation frequency Ω) when κ is constant,
photon bunching increases and g2(τ)/g
2
(0) approaches to 0.
Fast decay in behaviour of autocorrelation function is due
to CRTs. If κ/Ω < 1, the behaviour of autocorrelation
function is similar to an OPA, but it has oscillatory be-
haviour in long delay time. Increasing the ε/η leads to
the decreasing of the amplitude of these oscillations. The
manifestation of bunching is attributed to the possibility
of emission of two photons simultaneously by DCE that is
an OPA like process (it can be described by Hamiltonian
Eq.(2)). we find that for constant value of κ increasing
the κ/Ω or decreasing the Ω leads to increasing the gener-
ated Casimir photons number, maximum squeezing and
photon bunching.
For determination of the photon statistic, we must cal-
culate the Mandle parameter or g2(0). Mandle parameter
is defined as Q = (∆nˆ2 − ⟨nˆ⟩)/ ⟨nˆ⟩ = ⟨nˆ⟩ (g2(0) − 1). The
theoretical and numerical calculations show the supper-
poissonian statistics in Casimir photons i.e. , g2(0) > 1 or
Q > 0. The Mandle parameter as a function of time can
be calculated numerically. it has oscillatory behaviour
and the oscillation frequency depends on Ω. Further-
more, we observe that supper-poissonian behaviour can
I . . (a) The time evolution of the squeezing par meters S1(t) and S2(t) versus the dimensionless time κt in
the case of η = 0 (constant pumping) and for two values of ε/κ. (b) The time evolution of the squeezing parameter S1(t) versus
the dimensionless time Ωt for the case of η 6 (time-modulated pumping) and for different values of κ/Ω, ε/κ, and η/ . (c)
The time evolution of th squeezing paramete S2( ) versus the dimens onl ss time Ωt or the case of η 6= 0 (t me-modulated
pumping and for diff rent values of κ/Ω, ε/κ, and η/κ. Here, we have set κ/2pi = 104 Hz.
defined by
g(2)(τ) =
〈
aˆ†(t)aˆ†(t+ τ)aˆ(t+ τ)aˆ(t)
〉
〈aˆ†(t)aˆ(t)〉2
. (20)
When the radiation field satisfies the inequality g(2)(τ) <
g(2)(0), the photons tend to distribute themselves prefer-
entially in bunches rather than at random(photon bunch-
ing). On the other hand, if g(2)(τ) > g(2)(0) fewer photon
pairs are detected close together than further apart (pho-
ton antibunching). Using the Gaussian properties of the
noise forces and the quantum regression theorem [58, 59]
we get, after algebraic manipulations, the expression of
autocorrelation function
g(2)(τ) = 1 +
∣∣〈aˆ†(t)aˆ†( + τ)〉∣∣2
〈aˆ†(t)aˆ(t)〉2
+
∣∣∣〈aˆ(t)†aˆ(t+ τ)〉∣∣∣2
〈aˆ†(t)aˆ(t)〉2
.
(21)
In order to determine two correlation functions appear-
ing in the right hand side of Eq. (21) one can use Eq.
(9) together with the correlation functions for the noise
operators FˆC , given by Eq. (4) and (5). The results are
as follows
〈
aˆ†(t)aˆ(t+ τ)
〉
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
1 κ
∫ t
0
dt′g22(t
′)
)
−2e−0.5κ|τ |Cosh
(
ετ + 2 ηΩSin
Ωτ
2 Cos
Ω(2t+τ)
2
)] (22)
〈
aˆ†(t)aˆ†(t+ τ)
〉
= 0.25
[
f1(t)f1(t+ τ)
(
1 + κ
∫ t
0
dt′g21(t
′)
)
+ f2(t)f2(t+ τ)
(
κ
∫ t
0
dt′g22(t
′)− 1
)
−2e−0.5κ|τ | sinh
(
ετ + 2 ηΩ sin(
Ωτ
2 ) cos(
Ω(2t+τ)
2 )
)]
,
(23)
Considering these two expressions for times much longer
than the cavity relaxation time (t κ−1) we have plot-
ted g(2)(τ)/g(2)(0) in Fig. 4(a) for the case of constant
pumping (η = 0) as a function of κτ , for two values of
ε/κ (κ = constant). As is se n, n this c e, the gener-
ated photons exhibit bunching phenom on. Also, de-
creasi g ε leads to an inhibition of photon bunc ing. In
ig. 4(b), we e plotted g(2)(τ)/g(2)(0) for the cas
of time-modulated pumping (η 6= 0) as a function of
Ωτ for different values κ/Ω and ε/η. As is seen, for a
fixed value f κ/Ω when ε/η increases p oton bunching
decreases a d g(2)(τ)/g(2)(0) approache 0.3. Further-
more, with increasing κ/Ω (decreasing the modulation
frequency Ω) when κ is constant, photon bunching in-
creases and g(2)(τ)/g(2)(0) approaches 0. The fast decay
of the autocorrelation function is due to the CRTs. Nu-
merical analysis shows that If κ/Ω < 1, the behaviour
of the autocorrelation function is similar to that ob-
tained for the OPA, but it has oscillatory behaviour at
long delay times. Increasing ε/η leads to the decreas-
ing of the amplitude of these oscillations. The manifes-
tation of photon bunching is attributed to the possibil-
ity of emission of two photons imultane usly by DCE
that is an OPA like process (it can be described by
the Hamiltoni n of Eq.(2)). Up to now, we have found
that for a fixed value of κ with the decreasing value
7of Ω, the mean number of generated Casimir photons,
the maximum degree of squeezing and photon bunch-
ing increase. To determine the photon statistics, one
can calculate the Mandel parameter which is defined as
Q = ((∆n)2 − 〈nˆ〉)/ 〈nˆ〉 = (〈aˆ†2aˆ2〉− 〈nˆ〉2)/ 〈nˆ〉 where
〈
aˆ†2aˆ2
〉
=
8∑
i=1
Ai(t)Fi(t). (24)
the functions Fi(t) and Ai(t) are as follows
A1(t) =
1
16
[
10e−2κt + 3
(
f1
4(t) + f2
4(t)
)
−8e−κt (f12(t) + f22(t))] ,
A2(t) = A5(t) = A6(t) = A7(t) =
1
4
(
f1
2(t)− f22(t)
)
,
A3(t) =
1
4
(
f1
2(t)− f22(t)− 2e−κt
)
,
A4(t) =
1
4
(
f1
2(t) + f2
2(t)− 2e−κt) ,
A8(t) = 1,
(25)
F1(t) = 1,
F2(t) = F7(t) =
κ
4
(
f21 (t)
∫ t
0
g21(x)dx− f22 (t)
∫ t
0
g22(x)dx
)
,
F3(t) = F4(t) = F5(t) = F6(t) =
1
4
[
κf21 (t)
∫ t
0
g21(x)
+κf22 (t)
∫ t
0
g212(x)dx− 2(1− e−κt)
]
,
F8(t) = F7F2 + F6F3 + F5F4.
(26)
For Q > 0 (Q < 0), the statistics is super-Poissonian
(sub-Poissonian); Q = 0 stands for Poissonian statis-
tics. Figure 5(a) shows the temporal evolution of the
Mandel parameter in the absence of time modulation
(η = 0) versus the scaled time κt for different values
of ε/κ. As is seen, as time goes on, the Mandel param-
eter increases and it is finally stabilized at an asymp-
totic value. With the increasing value of ε the super-
Poissonian statistics is enhanced. Furthermore, the rates
with which the reaching the asymptotic values occur are
inversely proportional to ε; the smaller ε is, the more
rapidly the Mandel parameter tends to the asymptotic
value. Figures 5(b) and (c) show the temporal evolu-
tion of the Mandel parameter for the generated Casimir
photons versus the scaled time Ωt for different values of
κ/Ω, ε/κ and η/κ. As is seen, for κ/Ω > 1, Q(t) > 0
for all times, which means that the generated Casimir
radiation obeys super-Poissonian statistics. The Mandel
parameter exhibits an oscillatory behaviour due to the
CRTs such that the frequency of oscillations depends on
Ω. Furthermore, we observe that the super-Poissonian
behaviour can be controlled by Ω and ε/η in such a
way that if κ and Ω are constant, by increasing ε/η one
not only decreases the amplitude of the oscillations of
the Mandel parameter, but also decreases its maximum
value. Furthermore for a fixed value of ε/η < 1, in-
creasing of κ/Ω(κ =constant) leads to decreasing of the
amplitude of the oscillations in the Mandel parameter
and its maximum value(Fig.5(c)). On the other hand,
for ε/η > 1, increasing of κ/Ω(κ =constant) leads to in-
creasing of the amplitude of the oscillations in the Man-
del parameter and its maximum value(Fig.5(b)). For
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FIG. 4. (Color online) Normalized autocorrelation
function,g2(τ)/g
2
(0) , versus delay time for κ = 10
4 Hz.(a) Nor-
malized autocorrelation function as a function of κτ for η = 0
and ε/κ =0.4, 0.2 dash and solid line respectively. (b), (c)
and (d) Normalized autocorrelation function as a function of
Ωτ for κ/Ω =0.1, 1 and 10 respectively and θs = Ωts = 200.
ε = 0 and η/κ = 0.45 for solid line, ε/η = 3.5 and η/κ = 0.1
for dotted line, ε/η = 1 and η/κ = 0.22 for dash line and
η/ε = 3.5 and η/κ = 0.35 for dashdotted.
cause of g2(τ)/g
2
(0) < 1 indicating that the phenomenon
of photon bunching for Casimir’s photons. The photon
bunching can be controlled by controlling the frequency
of modulation. The photon bunching increases when
Ω decreases. Also, decreasing the fraction of ε/η leads
to increasing the photon bunching. Fast decay in be-
haviour of autocorrelation function and weak oscillations
in κ/Ω = 0.1 are effects of interference terms. When
frequency of modulation, Ω, decreases or κ/Ω increases,
squeezing decreases and bunching increases. The mani-
festation of bunching is attributed to the possibility of
emission of two photons simultaneously by NLC that
it is described by Hamiltonian Eq.(2). For determina-
tion of the photon statistic, we must calculate the Man-
dle parameter or g2(0). Mandle parameter is defined as
Q = (∆nˆ2 − ⟨nˆ⟩)/ ⟨nˆ⟩ = ⟨nˆ⟩ (g2(0) − 1). The theoretical
and numerical calculations show the supper-poissonian
statistics in Casimir’s photons i.e. , g2(0) > 1 or Q > 0.
If we plot Mandle parameter as a function of time, t,
we observe that it is oscillating function that dominant
oscillation frequency is Ω. Also we observe that supper-
poissonian can be controlled by Ω so that increasing κ/Ω
leads to decreasing the Q and supper-poissonian.
C. Power spectrum
We next proceed to calculate the power spectrum of
the light field inside the cavity. The power spectrum can
be expressed in terms of Fourier transform of two time
correlation function in steady state as follows
S(ω) =
1
pi
Re
∫ ∞
0
dτeiωτ
⟨
aˆ†(t)aˆ(t+τ)
⟩
ss
(23)
where two time correlation function,
⟨
aˆ†(t)aˆ(t+τ)
⟩
ss
, is
calculated in Eq.(22). In Fig.5(d), the power spec-
trum is plotted as a function of ω/κ in absence of time
modulation(η = 0) in different values of ε/κ. This figure
shows that increasing ε/κ toward the threshold condition
the width of spectrum be decrease and its height be in-
crease. In other word when the squeezing increases and
the photon bunching decreases, width of spectrum be-
comes narrower and its height increases. In Fig.5(a)-(c)
the pure effect of time modulation (ε = 0 and η ̸= 0)
in power spectrum of the photon field inside the cavity
is shown. In Fig.(6) the effect of both constant pump-
ing and time modulation of pumping in power spectrum
is shown. We suppose in both figures κ = 104Hz. In
Fig.5(a)-(c) the power spectrum for ε = 0, κ/Ω =10
and 1 and different values of ε, η and θs = Ωts is plot-
ted. As shown in Fig.(5) and Fig.(6), with decreasing
κ/Ω width of spectrum decreases. For specific values of
η and ε, the number and place of the peaks in spec-
trum is controllable by Ω and θs. For specific values
of κ/Ω increasing the η and ε leads to decreasing the
width and increasing the height of spectrum. With in-
creasing ε/η(decreasing of the contribution of time mod-
ulation in pumping) the spectrum be narrower and its
height be increase. The controllability of spectrum by Ω
and the appearance of time interaction(θs) in determin-
ing the shape of the spectrum are the effects of CRT or
interference terms as a result of neglecting the RWA in
the frequency of modulation. In other words, in steady
state the interference terms lead to oscillation of two time
correlation function therefore the spectrum remains as a
function of time in steady state. For example in Fig.5(a),
the power spectrum for values of θs=20, 11.8 and 10 has
one peak in (ω − ω0)/Ω=0 and for value of θs=11 has
one minimum at (ω − ω0)/Ω=0 and one maximum in
(ω − ω0)/Ω ≃ ±2. The spectrum for θs=11.8 has one
minimum point in (ω − ω0)/Ω ≃ ±3 and resolved side
band in (ω − ω0)/Ω ≃ ±4.
We emphasize that controllability of spectrum by the
frequency of modulation and θs that are as an external
control parameters is difference of spectrum obtained in
this report to the other researches. By comparing the re-
sults obtained in this section for nonclassical properties
of Casimir photons and power spectrum, we find out rela-
tion between power spectrum and nonclassical properties
of Casimir photons. When bunching increases or supper
poissonian decreases or squeezing decreases , the width of
the spectrum increases. Also we can detect the Casimir
radiation from intensity power spectrum. If we compare
the power spectrum in absence of time modulation or
absence of DCE(see Fig.5(d) that is spectrum of OPA),
η = 0, with the other spectrum, we find out the shape
of spectrum i.e., height and width and number of peaks
and its behaviour over time, is fully difference with spec-
trum of OPA in Fig.5(d) that is spectrum in the absence
of DCE. Experimentally in comparing the experimental
spectrum in present of time modulation with theoretical
spectrum of OPA or experimental spectrum when time
modulation is off, the Existence of Casimir radiation in-
side the cavity can be found .
. 4. (Color online) (a) Normalized autocorrelation func-
tion ,g(2)(τ) (2)(0) , versus the scaled delay time κτ in the
absence of ime modulatio and for different values of ε/κ. (b)
Normalized autocorrelatio function , g(2)(τ)/g(2)(0), versus
the scaled del y time Ωτ in the prese e f time-modulated
pumping and for different values of κ/Ω and ε/η. Here, we
have set κ/2pi 104 Hz.
κ/Ω  1, the Mandel parameter has not a clear oscil-
latory behaviour. In this case, as is seen, at the very
initial stages of evolution (κt  1), Q(t) < 0, which
means that the generated Casimir radiation obeys sub-
Poissonian statistics but then it increases towards posi-
tive values (super-Poissonian).
C. Power Spectrum
We next proceed to calculate the power spectrum of
the intracavity light field. The power spectrum can be
expressed in terms of the Fourier transform of the two-
time correlation function in steady state as follows
S(ω) =
1
pi
Re
∫ ∞
0
dτeiωτ
〈
aˆ†(t)aˆ(t+ τ)
〉
ss
, (27)
where the two-time correlation function,
〈
aˆ†(t)aˆ(t+ τ)
〉
, is given by Eq.(22). Figures 6(a)-(f) illustrate the
normalized power spectra for different values of ε,Ω, η
and θs = Ωts (scaled interaction time in the steady
state) and constant value of κ/2pi = 104Hz. In Fig.
6(a) we have plotted the normalized power spectrum
SN (ω) = S(ω)/S(ε) versus Ω/κ for η = 0 and for two
values of ε. As is seen, increasing ε not only causes the
strength of the peak of the spectrum to increase, but
also leads to narrowing of the spectrum. In fig.6(b)-(f)
we have plotted the spectrum of the generated photons
inside the cavity in the presence of time modulation as
a function of ω/Ω. As can be seen, for fixed value of
κ/Ω, the width of the spectrum decreases and its height
increases if ε/η increases. In general, for constant value
of κ the width of the spectrum increases if κ/Ω increases
or the modulation frequency decreases. With varying
the scaled time, θs, the shape of the spectrum, i.e., its
width, height and number of peaks, vary as a result of
CRTs that cause the spectrum to be a function of time ts.
Furthermore, varying θs leads to the appearance of the
symmetric side peaks i he spectrum with same width
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FIG. 5. (Color online) (a) Time evolution of the Mandel parameter, Q(t), as a function of the dimensionless time κt, in the
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and height which depend on the cavity decay rate κ, con-
stant amplitudeε, modulation amplitude η and modula-
tion frequency Ω. The distance between side peaks and
their locations depend on the modulation frequency. The
appearance of the side bands is due to the interference
terms corresponding to the CRTs. Therefore, the spec-
trum can be controlled by adjusting the modulation fre-
quency and θs.
It may be interesting to compare the intracavity spec-
trum obtained above with the spectrum of the output
photonic field. In fact the input-output theory[60] links
the emitted output field aˆout to the intracavity field aˆ by
a simple relation
aˆout(t) =
√
κaˆ(t)− aˆin(t), (28)
where, aˆ(t) is the intracavity light field operator and
aˆin(t) = (1/
√
κ)Fˆc(t) is the input field. After algebraic
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and height hich depend on the cavity decay rate , con-
stant a plitudeε, odulation a plitude η and odula-
tion frequency . he distance bet een side peaks and
their locations depend on the odulation frequency. he
appearance of the side bands is due to the interference
ter s corresponding to the s. herefore, the spec-
tru can be controlled by adjusting the odulation fre-
quency and θs.
It may be interesting to compare the intracavity spec-
trum obtained above with the spectrum of the output
photonic field. In fact the input-output theory[60] links
the e itted output field aˆout to the intracavity field aˆ by
a si ple relation
aˆout(t) =
√
κaˆ(t)− aˆin(t), (28)
where, aˆ(t) is the intracavity light field operator and
aˆin(t) = (1/
√
κ)Fˆc(t) is the input field. After algebraic
I . 6. ( olor o li e) (a) or alize o er s ectr , ( ) ( )/ (ε), i t e a se ce of ti e o latio , i.e., η 0, as
a f ctio of / for iffere t val es of ε/ . ( )-(f) or alize o er s ectr , ( ) ( )/ ( ) vers s / for iffere t
val es of ε, η, , a θs ts. ere, e ave set /2pi 10
4 z.
a eig t ic e e o t e ca it eca rate , co -
sta t li ε, modulation amplitude η and o la-
tio fre e c . e ista ce et ee si e ea s a
t eir locatio s e e o t e o latio fre e c . e
a eara ce of t e si e a s is e to t e i terfere ce
ter s corres o i g to t e s. erefore, t e s ec-
tr ca e co trolle a j sti g t e o latio fre-
e c a θs.
It ay e i teresti g to co are t e i tracavity s ec-
tr o tai e a ove it t e s ectr of t e o t t
oto ic fiel . I fact t e i t-o t t t eory[60] li ks
t e e itte o t t fiel ˆout to t e i traca it fiel ˆ
a si le relatio
ˆout(t) ˆ(t) ˆin(t), (28)
ere, aˆ(t) is t e i tracavity lig t fiel o erator a
aˆin(t) (1/ ) cˆ(t) is t e i t fiel . fter alge raic
9manipulations, we find〈
aˆ†out(t)aˆout(t+ τ)
〉
= κ
〈
aˆ†(t)aˆ(t+ τ)
〉− 〈aˆ†(t)Fˆc(t+ τ)〉
−
〈
Fˆ †c (t)aˆ(t+ τ)
〉
+ 1κ
〈
Fˆ †c (t)Fˆ (t+ τ)
〉
.
(29)
At zero temperature, all of the correlation functions that
appear in Eq. (29) are zero except for the first term, and
thus 〈
aˆ†out(t)aˆout(t+ τ)
〉
= κ
〈
aˆ†(t)aˆ(t+ τ)
〉
. (30)
This implies that the spectrum of the output field is
proportional to the spectrum of the intracavity light
field, i.e., Sout(ω) = κS(ω). Therefore, the Casimir ra-
diation can be detected from the comparison between
the output field spectrum in the absence of the time
modulation(η = 0) and the spectrum in the presence of
the time modulation.
V. SUMMARY AND CONCLUSIONS
In summary, we have proposed an analogue model
for controlled generation of photons via the DCE in a
nonlinear cavity containing a degenerate OPA which is
pumped by a time-modulated field. In the system un-
der consideration the time modulated nonlinear para-
metric interaction is analogous to an apparent periodic
displacement of the cavity mirrors. By solving analyti-
cally the quantum Langevin equations for the intracavity
field operators without using the RWA for rapidly oscil-
lating terms of the modulation frequency, we have found
that the mean number of intracavity photons consists
of three contributions: constant pumping, time varying
pumping, and their interference resulting from the CRTs.
The results reveal that the temporal behaviour of the
mean number of generated photons can be controlled via
the parameters of the time-modulated pump field. We
have also identified the so-called “Anti-DCE”, in which
pair photons are coherently annihilated due to the time-
modulated pumping.
In addition to the generation of Casimir photons,
we have discussed analytically and numerically their
quantum statistical properties including the quadrature
squeezing and photon-counting statistics, We have also
examined the power spectrum of the generated Casimir
radiation. We have found that the generated radiation
exhibits quadrature squeezing, photon bunching, and su-
per -Poissonian statistics in the course of time, which
are controllable through the parameters of the time-
modulated pumping. Furthermore, the main charac-
teristics of the power spectrum, i.e., its height, width,
and number of peaks can be controlled, in particular, by
adjusting the modulation frequency and the interaction
time in the steady state. The results also reveal that the
comparison of the output power spectrum in the presence
of the time- modulated pumping with one which obtained
by constant pumping provides a way for the detection of
the generated Casimir photons.
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